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CHERENKOV AND TRANSITION RADIATION DIAGNOST ‘CS FOR HIGH
ENERGY FREE-ELECTRON LASERS*

Alex H. Lumpkin
Los Alamos Notional Laboratory

Physics Division
P. o. Box 1663

Los Alsmos. NM 87545 USA

Electron Beam diap,nostics breed on imaging techniques
using Cherenkov conversion screens ●nd intensified video
cameras should be adaptable to the developing high-energy
free-electron lasers (FEL) driven by rsdio fre~uency powered
linear accelerators. The high beam energies (60- 150 MeV)
and the peak currents ( 100s of amps) anticipated should dao
make optical transition radiation intensities sufficient for
these techniques. The distinctive femures of the two light
generation mechanisms will be summwized and a few diag-
nostic examples will be cited.

The developing high-energy free-electron lasers (FEL)

based on radio frequency (RF) powered linear accelerators
in vot}e electron beam enersjes of 60-1 SO MeV, micropulse

durations of 10-20 pa, and micropulse separations of 10-50

ns. These micropulsea ●re typically in a pulse train of at least
100 M in Iength.(’ ) The importance of underatandina tny
structure wi:hin a micropulae has been graphically demon-
strated in !tydies on the Los Alamos FEL u reported
previously, ~- ) Lasins regimes within the micropulse, par-

arswer oplimiution via phasing of the RF components, and
beamline wakefield effects (at high peak currents) have been

observed. These studies were all performed using the
Cherenkov rs,echanism to convert the electron distribution into
a visible image durins the electrons’ transit through fused

silica screens. With thr higher betm ener je$ and peak cur-
J!rents it appears that transition radiation,( which is produced

when a charged perticie beem crogseg e boundary between two

media with different diol$ctric constwtts, cen also play a role,
As sn example, cling vacuum to mrtel foil tranaitiona and
electron energies aa mentioned, the emitted broadband redie-
tirrn includet the visible resion, and therefore imegins

techniques deveioped for Cherenkov iight are applicable, The
distinctive festures of tho ?WOmechanisms will be
!ummarizud and n few dia~nott{c examploa wili be cited,

P1.KRctmtL,MlmLLMt.lJhDtulJQtt.MMtMIMtl

In order to eddrets phenomene on the 10-pa time tcele of
an ekctron beom micropu!ae, we have used both en RF

deflector ar,d a ttretk camert, In the firist cese, the time-
depandent deflection of the electron bmm It observed on the
redietion cwrvortar screen itself and so plcoaecond formation

procettet tre not netwsaty, Howovar, there tro few, if eny,
flucrtscent tcreena t?m! can withstand the hl~h energy depoel-
tion from our behmI end provide even itMOleCOn(! romptme
times 10 thtl indlvlduai mlcropultet c8n be $elected, Med

tilics acreem are dams~e re!istant hnd provid~ Sufficient lith~

.._- . . .. . -.. ~._-

‘~’ork performed under the auspices of ihe U,S, D?pI, of En. rcy
nnd supported by the Pepmmunt of Defense US, Army Stretenic
I’Mfertlr Command,
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via the Cherenkov effect. In the second case, the time de-
pendent deflection is within s streak tube itself so the
conversion process at the screen must be less than the pulse
duration in order to evaluate it,

Figure 1 shows an example of the variation of the
electron charge distribution in energy and time as s function
of the relative phaae of accelerators B and A. This loss of
energy - the micropulse is attributed to baamiine
wakefield effects thet occur at high peak currents at beamline
discontinuities, (2) Figure 2 shows an ●xample of the

measurement of the micropulse time width usinc a $treak
camera. In this case the measurement was performed after
the noni>ochronoua 60’ bend, and we used megnetic bunchine
to compress the pulse in time (cl 5 pa.). Having illustrated the
me of such imasing techniques, it would be ioatructive to
briefly review the two mechanisms under connid~, ation:

Cherenkov end Optical Trmtaition Radietion (OTR),

i, A Complrlton of ener~y.time plots for celculateti
end erperimentsl cherg? dlatributlons,

. . . .. . . A!)



STREAK CAMERA
MICROPULSE MEASUREMENT

- )(-/$)(1s -

a,) RAW DIGITIZED DATA

TIME -
b,) PROCESSED TIME PROFILE

Fig, 2, Stretk camera meuuremenl of Ihe elec[ron beam
micropulse lime width, At - 15 pi full wid[h half
maxilnum (FWHM)
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Cherenkov Iiihl is produced when ● highly relativilt~c

ch~rged pnrtlcle with vaiociry # = v/c - 1 lr~nii!s a medium
with index Of refraction, n, su;h tha[ ~rr > 1, The Iisht is

emil!ed in a cone around the direction of ‘Ieclron mo!ion at
-1 l/pn, AI hn oxtmple for etmctroni with-n tn:le t = COJ

5 ● 0,99 In fused silica wllh n - 1,5, 4-47”. The num(mr of

pho!ont (N) omll!ed between two wtvtlentths .lI tnd ~2 cm

be ca]culstod by the followlni equation from Ref. 4:

(1)

uherr o ■ e2/h

f

tht fine structure conslant, t II the thlcknel!

of the medium fused Iillcs In this cue), ~nd # cnd n ire II
tbov., Thlt rolttlon Indlcaios Ihsl th? numbar of pho!onl

omllmd In Iht vltlble is skmul Ion per electron ~ mm of

Illlci AlIo, the IpecIral dictrlbution lW II l/A That i!,

ona seet m blulsh Il:ht tlthoush thoro is even more ontrgy In
the ullravlo)el, Since Ihs Int@nslty snd nntultr dlitrlbution

trm ~-rtltt?d, tnd # approaches one myrnptotlcnlly, !hoy
milh! be spproxlmtted u oner:y Independent ror al?ctron

?ner~iel of ~J/O (where ~ II the Lorqntz ftctor),

In FIB, J in experlmcnttl Cherenkov ~nsulmr dlt!rlbu!lon

from t 16-MtV .Iectron beam Incldont on t I -mm-thick

f&--t7” 70 B:AM UAECTJOi4)

Fig, 3. Che(enkov Ii#h! sngulsr distribution metsuremen!
far a 16-MeV electron beam inciden[ orI s l-mm-
!hick fumd silics screen whose normal is oriented Et
-50” [o ‘he be-m direction. The Mak in the pt[tern
u ml tbfJUl 46”

CHERENKOV RAOIATION
DETECTION OEOMEIRIES

(#@- 4e”)

Fi~, 4, Schemnlic prtstn[~tion cr te~erul SrIUiM for
Cherrnkrr’/ besmline dln~no!lics and Ihr objtrvcd
IIgnml rclntlve 10 cut I

(uied sllic~ screen (orlen[cd wl[h its normnl 50” to [hr hemm

dlrrc!lon) II shown, Thcw dntn were ob, tlned II !h* FG&G

(Snntn Ilrn:lmra) 1 insc fncilily F,lli!t beam dinmr!er Ind
r!iv?raencg ef~ect~ con[lll)ll!e IO I+C rn~illnr tprernd of the

emislion rone, FIIure 4 !r. hcmnticslly ~hows Irvr Iil !?IUIM

for uslnl Cherrnko\ Ii#ht M @bramllnr d;tipnm!lc and Ih?

effect 011slcntl Inl?n!lly, AI our FI?L !’acllily W? hrni? used

a frostrd btck sulfnce 10 brcnk-u F tht chrrrnko} conr snd
oh!ain sufficient Slgnml RI $fI” !() the brnm (Iirrction

G?omelty II (nor!nml Inrldrncrl II In)portctnl b?cn,J~e !hr Illh[



does not scatter within the silica screen as much as it does in
the downstream directioc for the 45” orientation.

Transition radiation is produced by a moving char8ed
particle at the interface of two m:dia with different dielectric
constants. It is broadband (microwave to x-mY). but I will

deal only with the optical transition radiation (OTR).(3*5) Its

distinctive festures illustrated its Figs. 5-7 irmlude an irttensicy

and angular distribution which are strong functions of the
energy of the producing particle (in contrast to Cherenkov
radiation), ● broad spectrum which shows ss1/~’ dewndence
with an upper limit proportional to 7 (conversion efficiency is

only 1 photon pei 100 electrons per interface at ~ - 40),
strong polarisation of’ the electric vector, and of course, a
prompt (few PS) production time. When an electron crosses a

finite foil thickness, there are two interfaces and both
forward and backward r~di8tion result. For normal incidence
of relativistic electrons these radiation patterns are peaked
within a degree, #p - I/y, from the surface normals. One of

the more interesting features is thst for a foil at 45” to the

beam direction the forward radiation is the same, but the
backwsrd radiation is emitted in a thin cone around the
direction of s ecular reflection, i.e,, at 9@ * 4P to the beam
direction\ 3-~ (see Figs, 5 and 6), This latter features makes

8CHEkfATlC OTR INTENSITY PROFILE

AMOU @ + + ?SAK INTWSWTV

t “AKM7w’’T::T~

Illlv 1~

8, A~#LE REFENtNCED 76~NOLE
OF SPECULAR REFLECTION (mrad)

Schematic illustration of OTR intensity profile
parameters’ dependence on T or beam diver~ence,
Shown are the peak intensity, an~le of the lobe, and
lobe width.

OPTICAL TRANSITION RADtA710N ●ATTERNB

–&4rsam9a) sscaMAL h.)09L10Ul~*cs

OWREWWnAOiATION PATT[RN (0-40°)

Fl~, 6, Schcmstlc Illuotrstlon of t)te OTR forward and
backward radiation for cases of the btam-incident
normal @nd obllqucly to the foil,

Fig. 7. Comparison of experimental ●nd calculated OTR
peak intensity as a furrctiort of beam energy (from
Reference 6).

it very practjcal for beamline imaging diagnostics. As noted
above, the low conversion efficiency (0.01 photons per elec-

tron, per interface) is a disadvantage relative to Cherenkov
radiation, However, its angular distribution is so much more

coiicentrated than the Cherenkov cone from fused silica that
at 90” to the beam the photon intensity should be ade~ua[e,
It has been detected and characterized under certain

conditions. (3~5~6) Also, as shown its Fig, 7, the peak intensity

increases as # so that for q >40 there should be even more
signal.(6)

These are routinely performed at the Los Alamo$ facility
with O.S-mm-thick fused silics screens normal to the beam

(frosted back surface) and ● polished metal mirror at 4S” to
the beam positioned behind the screen that directs the

Cherenkov light out the 90” port, This is no! the optimum
geometry for the Cherenkov cone and single micropulses (100
A peak) are just seen with ~n intensified camera, If the
fused silica screens ●re rotsted at 43’ to the beam, the

Cherenkov li~ht tends to internally reflect in the downstream
direction within the screen and siartificantly spread the spot,
fiowever, a metal foil for the OTR generation should only
exhibit the ~~spreading of’ the beam spot due to the 45*

angle and this is canceled by viewing at 90’ to the beam
direction, Subject to foil survivability this could be an
excellent alternative technique, In fact, visible radiation from

a polished Molybdenum OAOIV) foil has been observed in our

laboratory in one of our standsrd bmmiine positions, This
radiation intensity was comparable to that front the fused
silica screen plus metal mirror when viewed at 90” to the

beam direction (see Fig, 8), The detected intensity dropped
off rapidly with mkmlignrnent of the foil Irom 45” to the

beam and disappeared ht less than one micrswecond after the
end of the pulse train, A Sated intensified camera was ustd

10 sample about 400 ns of tlie 50 to 100 ps-long mscropulse’s
interaction with the co,tverter screen or foil, When viewinq
the tcene wltb the gsted tamers, the radittion intensity from

the foil sampled at the end of th? macropulse did not appear
to vary with the length of the macropulse (as might be

expecttd from Incandescence), These features are consistent
with OTR, but further experiments are phrtned,
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Fig, 8. Observed signals at 90’ to the 20-MeV electrotr
bears! direction from I fused silica screen plus Moly
metal mirror and a Moly metal foil alone.
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At Loo Alamos, we currently evaluate the 20-MeV
r~ectron beam emittance by observation (Cherenkov light) of

the beam size (profile) as a function of a focusing Quadruple

field variation or by evaluathsg the beam diameter at two
separate locations under fixed focusing conditions. Recently,
it has been reported the emittance can be measured by using a

single OTR foil and comparing the angular distribution (the
lobes) of the OTR pattern to calculated curves involving beam
emlttances.(s) This could be an interesting alternative

technique.

~B~

Standard procedures for evaluating electron beam energy
involve an electron spectrometer with its analyzing magnet

and focal plane detector, We normally use fused silic~ screens
in the focal plane and record the energy distribution for a
few micropulses with intensified television cameras, With our

current geometry we probably could put a foil in the focal
plane, but because the OTR intensity is energy and incident
angle dependent, there would be an involved calibration

procedure. Alternatively, single foil techniques are expected
to provide - 3 per cent energy resolution(5) ●nd two-foil

interferometric OTR techni ues have yielded - 1 percent
1energy resolution at ‘I = 100 3). These techniatse$ would

allow energy measurements along the beamline (between
accelerator ,tections) as desired without installation of an
analyzing maqrtet and spectrometer chamber (a potential
wakefield sourse),

ElcurQn_fM!n—lUIWJUUl@lf

The temporal pulse width of a micropulse of 10-20 ps
duration cnn be evaluated using a streak system (a streak
camera or an RF deflector)(2) if the Iigilt generation

mechanism Is only a few picosecond, The conversion
efficient Chtrenkov mechanism has the odvantahe in

inten?ity, but OTR may be usable at the higher energies (p.?ak
Intensity gee! as 72) and peak msrrentt, Allo, limiting the
effec:ivt spatial extent of the genstrsded light reduce~ the

corresponding time tpread 10 that OTR foil$ might have ●n
ndvantage in thiu ●spect over Cherenkov screens,

mmmMu@awslai9n

In summary, light generation mechanisms that are on the
picosecond timescale can be used for diagnostics of electron
beam microprzlses or macropulses vi$ imaging techniques, It
appears that transition radiation diagnostics may provide an
interesting and valuable complement to Cherenkov radiation
diagnostics for emerging high energy FEL systems. In the
case of beam position (profile) ●nd temporal profiles the
techniques may already be established. For electron beam

energy and emittance measurements further work is needed.
Also, there are indications that OTR polarization effects could

be exploited to improve diagnostic sensitivity for some of
these parameters. This issue should certainly be explored in
the future.
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